18 O n + were prepared by laser ablation and reacted with hydrogen sulfide (H 2 S) in a fast flow reactor under thermal collision conditions. A time-of-flight mass spectrometer was used to detect the cluster distributions before and after the interactions with H 2 S. The experiments suggest that oxygen-for-sulfur (O/S) exchange reaction to release water took place in the reactor for most of the manganese oxide + +H 2 S. The computational results indicate these O/S exchange reactions are both thermodynamically and kinetically favorable, thus in good agreement with the experimental observations. The O/S exchange reactions identified in this gas-phase cluster study parallel similar behavior of related condensed phase reaction systems.
I. INTRODUCTION
Manganese oxides are commonly used as catalysts to recover elemental sulphur in the oxidation removal of poisonous H 2 S from natural gas and waste gas streams in chemical plants [1−3] . The selective oxidation of H 2 S to generate elemental sulphur and water molecule is indicated by the following reaction:
In addition to manganese oxides, oxides of titanium [4] , vanadium [5] , chromium [6] , iron [7] , and cobalt [8] have been demonstrated to be reactive for selective oxidation of H 2 S (Reaction (1)). The interactions of H 2 S with several bulk manganese oxides such as MnO [9] , Mn 3 O 4 [10] , Mn 2 O 3 [11] , and MnO 2 [12] have been investigated. It is found that manganese oxides are generally transformed by consecutive oxygen-for-sulfur (O/S) exchange to generate sulphur containing manganese oxides and then to produce manganese sulfides with release of water molecules while the molecular level † Part of the special issue for "the Chinese Chemical Society's 13th National Chemical Dynamics Symposium". * Authors to whom correspondence should be addressed. Email: shengguihe@iccas.ac.cn, gemaofa@iccas.ac.cn, Tel.: +86-10-62536990, +86-10-62554518 mechanisms for these processes are far from clear. Gas-phase study of reactions between metal oxide clusters and small molecules under well controlled conditions [13−16] is of significant importance to disclose mechanistic details in related condensed phase reactions. As reported, the charge state plays an important role in the reactivity of metal oxide clusters [17−21] . For example, the influence of charge state on cerium oxide clusters toward CO oxidation was clarified that different charge state (anionic vs. cationic) can lead to different reactivity [17−19] . The charge dependent reactivity of metal oxide clusters in C−H bond activation of hydrocarbons was also extensively identified [13, 19, 21] . It was generally concluded that the cations are usually more reactive than their counterpart anions. In our previous study, we have conducted the reactions of manganese oxide cluster anions Mn m O n − with H 2 S [22] , it was found that the O/S exchange reactivity of Mn m O n − clusters decreases when the average oxidation state of Mn increases, that's to say, the cluster anions with higher oxidation state of Mn are generally less reactive compared to those clusters with Mn atoms in lower oxidation state. In this work, we present a joint experimental and theoretical study of the reactions between manganese oxide cluster cations Mn m O n + and hydrogen sulfide, aiming to investigate the charge state influence on reactivity of manganese oxide clusters.
II. EXPERIMENTAL AND THEORETICAL METHODS
The experiments were conducted by a time-of-flight mass spectrometer (TOF-MS) coupled with a laser ablation cluster source and a fast flow reactor [23] . The Mn m 18 O n + clusters were produced by laser ablation of a rotating and translating manganese metal disk (99.9%) in the presence of 1.0%
18 O 2 seeded in a helium carrier gas with backing pressure of 5 atm. A 532 nm (second harmonic of Nd 3+ :yttrium aluminum garnet (YAG)) laser with energy of 5−8 mJ/pulse and repetition rate of 10 Hz was used. The gas was controlled by a pulsed valve (General Valve, Series 9). To prevent residual water in gas handling system to form undesirable hydroxo species, the prepared gas mixture ( 18 O 2 /He) was passed through a 10-m-long copper tube coil at low temperature (T =77 K) before entering into the pulsed valve. Similar treatment (T =215 K) was also applied in the use of the reactant gases (5%H 2 S seeded in He) that was pulsed into the reactor 20 mm downstream from the exit of the narrow cluster formation channel by a second pulsed valve (General Valve, Series 9). By using the method in Ref. [24] , the instantaneous total gas pressure in the fast flow reactor was estimated to be around 220 Pa at T =300 K. The intra-cluster vibrations were likely equilibrated (cooled or heated, depending on the vibrational temperature after exiting cluster formation channel with a supersonic expansion) to close to the bath gas temperature before reacting with the diluted H 2 S. It may be safe to assume that the bath gas has the temperature of the wall of reactor (∼300 K) [25] . Our recent experiments indicate that the cluster vibrational temperature in the reactor can be close to 300 K [26, 27] . After reacting in the fast flow reactor, the reactant and product ions were skimmed into the vacuum system of a TOF-MS for mass and abundance measurements. The uncertainties of the reported relative ion signals were about 15% and mass resolution was 400−500 with current experimental setup. More details of the experiments can be found in our previous works [17, 28] .
The density functional theory (DFT) calculations with Gaussian 09 program [29] [30] and the 6-311+G * basis set [31] were used. Geometry optimizations of all the reaction intermediates and transition states on the potential energy surfaces were carried out with full relaxation of all atoms. Vibrational frequency calculations were performed to check that the reaction intermediates and transition state species have zero and one imaginary frequency, respectively. The DFT calculated energies reported in this work are the zero-point vibrational energy (ZPE) corrected (∆H 0K ) or the relative Gibbs free energies (∆G 298K ) at 298.15 K and 1.0 atm. Structures and vibrational frequencies for all of the optimized structures are available upon request. This B3LYP/6-311+G * method with moderate computational cost has been tested to provide good results to interpret vibrational spectra of manganese oxides [32] and to yield reasonable results to interpret other experiments [33] . The adopted DFT method can also well reproduce the experimental bond dissociation enthalpies of HS−H and S−H species. The experimental bond dissociation enthalpies of H 2 S and SH are 3.92 and 3.69 eV, respectively [34] , and the DFT calculated values are 3.82 and 3.62 eV, respectively.
III. RESULTS

A. Experimental results
The natural abundances of 32 
Product peaks with two S atoms are observable, indicating that products Mn m O n−1 S + from Reaction (2) can undergo further O/S exchange reactions to generate Mn m O n−2 S 2 + . The pseudo first order rate constant k 1 in the fast flow reactor can be estimated by using the following equation:
here the ratio I/I 0 is the percentage of un-reacted clusters after the cluster interaction with reactant gas that has molecular density of ρ in the reactor for reaction time of ∆t (see Refs. [36, 37] 
The correlation between the rate constants of Reaction (2) and the average oxidation state of Mn in the Mn m O n + clusters are plotted in Fig.2 , data points (x, k 1 ) are from Table I . It can be seen that the reactivity of Mn m O n + clusters with low x values are generally higher than that of clusters with high x values. This is similar to the result of Mn m O n − anions reported in our previous work (Fig.2(b) ).
B. Computational results
To verify the experimental results that O/S exchange reactions can really take place in the reactor under thermal collision conditions, the DFT calculations were performed for the following selected reactions: The potential energy profiles for Mn 2 O 2 + +H 2 S (Reaction (5)) are given in Fig.3(a) . Upon approaching of H 2 S to Mn 2 O 2 + , the encounter complex Mn 2 O 2 (H 2 S) + (I1) is formed and the energy released (∆H 0K =1.35 eV) during this process is high enough to overcome the energy barrier for cleavage of one of the S−H bonds and formation of the O−H and Mn−SH bonds (I1→I2). The formation of I2 released 1.95 eV (∆H 0K ) energy that is high enough to overcome the energy cost for the formation of water molecule (I2→I3) and subsequent dehydration process (I3→Mn 2 OS + +H 2 O). The transition states (TS1−TS2) and the products (Mn 2 OS + +H 2 O) are significantly lower in energy than the separated reactants (Mn 2 O 2 + +H 2 S), so the O/S exchange reaction is both thermodynamically and kinetically favorable. Further, the complex I3 is quite stable, so the product peak Mn 2 O 2 (H 2 S) + labeled as 2,2,1 in Fig.1 Table I ). Figure  3( + +H2S→Mn2S2 + +H2O. The reaction intermediates and transition states are denoted as In and TSn, respectively. The relative energies of ∆H0K and ∆G298K (in eV) with respect to the separated reactants are given in the parentheses. Fig.1(b) .
The potential energy profiles for Mn 2 O 4 + +H 2 S (Reaction (7)) are shown in Fig.4(a) , the energy released (∆H 0K =1.17 eV) during formation of the encounter complex Mn 2 O 3 (H 2 S) + (I7) is high enough to overcome the energy cost for cleavage of one of the S−H bonds and formation of the O−H and Mn−SH bonds (I7→I8). The formation of I8 releases 1.83 eV (∆H 0K ) energy that is high enough to overcome barriers for the subsequent transformations of reaction intermediates (I8→I9) and the dehydration process (I9→I10→I11→Mn 2 O 2 S + +H 2 O). The transition states (TS5−TS8) and the products (Mn 2 O 2 S + +H 2 O) are significantly lower in energy than the separated reactants (Mn 2 O 3 + +H 2 S), so the O/S exchange reaction is both thermodynamically and kinetically favorable. Further, the most stable complex I11 may well be observed to the product peak Mn 2 O 3 (H 2 S) + (2,3,1) in Fig.1(b) . The DFT results are thus consistent with the experimentally observed fast reaction between Mn 2 O 3 + and H 2 S (k 1 =1.0×10 −11 cm 3 /(molecule s), see Table I ). Figure 4(b) indicates that the mechanism for the secondary O/S exchange (Reaction (8)) is very similar to that of the first one (Reaction (7)), which interprets the generation of Mn 2 OS 2 + shown in Fig.1 . The stable intermediate I16 can be observed to the peak following Mn 2 O 2 S 2 + (2,2,S 2 ) in Fig.1(b) . The potential energy profiles for Mn 2 O 4 + +H 2 S (Reaction (9)) are shown in Fig.5 Table I ).
IV. DISCUSSION
The reactivity of metal oxide clusters can be very sensitive to the cluster sizes [18] , charge states [20] , compositions [18] , and details of the electronic states [17] . For example, the reported thermal activation of C−H bonds of alkane molecules can take place only over metal oxide clusters with specific compositions that contain oxygen-centered radicals [38] , and the reactivity is further controlled by the local charge [21] and local spin [17] environments around the radical centers [13, 15] . In our previous work of the reactions between clusters Mn m O n − and H 2 S [22] , O/S exchange was the main reaction channel and the reactivity of Mn m O n − decreases with respect to the increases of the average oxidation state of Mn. In this work, the O/S exchange channel dominates the reactions between Mn m O n + and H 2 S. As shown in Fig.2 (Fig.2) . It is noteworthy that the higher reactivity of cations over anions has been extensively identified for the reactions of metal oxide clusters with many other molecules including CO and hydrocarbon molecules [13, 19, 20] .
In the oxidation removal of H 2 S, several bulk manganese oxides were shown to be active adsorbents or catalysts and the O/S exchange reaction to generate water and sulfur containing manganese oxides was proposed [3, 9−12] : 
